[3H]InsP6 to membranes was not dependent on whether cells had been grown under conditions of high or low iron concentrations. We believe that this is the first report of inositol polyphosphate activity in prokaryotic cells.
In an oxygen-containing environment, iron is readily oxidized from the ferrous to the ferric state, forming at a neutral pH essentially insoluble oxyhydroxide polymers which are not bioavailable to bacteria. This iron deficiency is recognized to have an impact on many bacterial systems, including virulence in human, animal, and plant hosts (11, 22, 25, 34) .
Most bacterial species require iron for growth and have developed distinct mechanisms to solubilize and transport environmental iron (20) . Many gram-negative species synthesize iron chelators (siderophores), which are based on catechols and hydroxamates and which solubilize iron and transport it into the cell via specific receptor proteins in the outer membrane. A feature of this system is its regulation by iron; under iron-deprived conditions, it is derepressed, whereas under iron-replete conditions, it is repressed (4) . In addition, some organisms also utilize siderophores produced by other bacterial and fungal species. Examples include Escherichia coli, which can transport iron by using the fungal siderophores ferrichrome, coprogen, and rhodotorulic acid (reviewed in reference 6), and Pseudomonas aeruginosa, which can utilize ferrioxamine B, a siderophore produced by Streptomyces spp. (7) , and enterobactin, one of the major siderophores produced by E. coli (23) . Strains of the plant growth-promoting bacterium Pseudomonas putida can also utilize siderophores from a wide variety of other root-colonizing pseudomonads (15) , and it has been postulated that this ability may contribute to improving its capacity to compete for iron in the rhizosphere. Other pathogens have adapted mechanisms to use sources of iron in vivo, including transferrin and lactoferrin (19, 26, 27) . Other adaptive mechanisms include the utilization of iron from ferric dicitrate, notably the inducible system in E. coli (32) (24) . Competition experiments with other chelators suggest that InsP6 has an affinity for Fe3+ at a neutral pH in the range of 1025_103o M-1 (12) , a value comparable to those of many fungal and bacterial siderophores. Given the possibility that iron in the environment could be chelated by InsP6, we were prompted to determine whether bacterial species, notably the soil organism P. aeruginosa, could utilize iron from this source.
In this report, we characterize the siderophore activity of InsP6 in P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains and culture conditions. P. aeruginosa PAO1 (ATCC 15692) was from our laboratory collection. IAl, a siderophore-deficient mutant of PAO1 (3), was obtained from C. D. Cox (University of Iowa). Strains were cultured in iron-deficient succinate medium (18) . Iron-replete cells were grown in succinate medium supplemented with 100 ,uM FeCl3.
55Fe-InsP6 transport studies. Cells were grown in succinate medium in an orbital shaking incubator at 37°C for 15 h and harvested by centrifugation at 4°C. The cells were washed twice in 100 mM N-morpholinepropanesulfonic acid (MOPS) (pH 55FeC13 (500:1 ratio). Iron transport was assayed by withdrawing 200-plI samples and filtering them through 0.2-pum-poresize cellulose acetate membrane filters. The membrane filters were washed twice with 10-ml volumes of saline and allowed to air dry. The activity retained on the membrane filters was determined by scintillation counting on the 3H channel.
[3H]InsP6 binding assays. Cell membranes were prepared from cells grown for 15 h in succinate medium, broken by sonication, and sedimented by centrifugation at 100,000 x g for 1 h. Binding was carried out at 4°C for 30 min with 100 mM MOPS (pH 7.0) and terminated by centrifugation (13) . Routine assays were performed with a final reaction volume of 0.5 ml containing 1.0 nM [3H]InsP6 (902.8 GBq/mmol; 0.37 MBq/ ml; NEN; approximately 30 000 dpm per assay) and approximately 1 mg of membrane protein per ml.
RESULTS
Growth promotion by Fe-InsP6. Preliminary experiments indicated that InsP6 could mediate iron uptake into P. aeruginosa; however, for siderophore activity it was necessary to demonstrate a reversal of the growth inhibition imposed by iron limitation. P. aeruginosa IAl, a mutant of type strain PAO1 which is deficient in siderophore production (3) and susceptible to the growth inhibition imposed by nonutilizable chelators, was selected for further study. (Fig. 1, disk 1, 10 mm), whereas there was negligible growth around a disk supplemented with FeCl3 only (Fig. 1, disk 3, 1 mm) . InsP6 alone resulted in a small zone of growth (Fig. 1, disk 2, 3 mm) .
Uptake time course. Iron supplied to P. aeruginosa in the form of Fe-InsP6 was very efficiently taken up by the cells (Fig.  2) . The highest rate of transport was seen in cells grown in an iron-deficient medium. When this medium was supplemented with 100 ,uM ferric chloride, there was an approximately 80% decrease in the initial rate of transport, indicating that the transport process was iron repressible. The rate of transport was also decreased by reducing the temperature of the uptake experiment. No transport was seen when the cells were incubated on ice, although low counts accumulated on the cells at 30 s and then remained constant (data not shown).
To investigate further the presence of a carrier-mediated process, the kinetics of assimilation were studied. A rapid initial rate of uptake over 30 s, which also occurred with cells incubated on ice (see above), was followed by a slower rate of iron accumulation, probably reflecting true transport. The rate of transport over the range of 5 to 600 nM is shown in Fig. 3 (Fig. 4) (9) , and we are currently designing phytaseresistant InsP6 analogs to determine whether breakdown is part of the iron release mechanism. P. aeruginosa does produce a phosphatase, but it is unlikely that it is strongly expressed under the phosphate-rich growth conditions used in this study (30) , nor is it known how, if released, iron would enter the cell.
One candidate mechanism could be a system similar to the SfuABC iron transport system of Serratia marcescens, which accepts Fe3+ solubilized with oxaloacetate, sodium PPi, and citrate (35) . When (10) . myo-Inositol penetrates K aerogenes by a system which is linked to proton symport and in which ATP is not directly involved, whereas in the Pseudomonas sp., penetration is dependent on a periplasmic binding protein. We have not been able to determine whether InsP6 enters the cell in our experimental system. However, it is clear that sufficient iron accumulates intracellularly to reverse the iron restriction imposed by EDDHA.
The accumulation of iron from Fe-InsP6 exhibits many of the characteristics of a siderophore-mediated process. Given the ubiquity of InsP6 and its affinity for iron(III), its utilization as a siderophore is an attractive strategy for cells to adopt, obviating the demand imposed on cells by siderophore biosynthesis.
